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Abstract. We use data from Geosat altimeter and from 10 inverted echo sounder (IES)
moorings deployed in the SW Atlantic Ocean off the Argentine continental shelf to
investigate several aspects of the dynamics of the upper layer in the Brazil-Malvinas
Confluence region. We use the altimeter data to estimate the sea height anomalies at each
IES location and use the IES data to compute the upper layer thickness, taken in this
work to go to the depth of the 8°C isotherm. We first discuss the sea height and upper
layer thickness variations caused by the passage of the Brazil Current, Malvinas Current,
and warm anticyclonic and cold cyclonic eddies. We introduce a two-layer model in which
we decompose the sea height into its baroclinic and barotropic contributions. We then
propose a method to monitor the thickness of the upper layer and the barotropic and
baroclinic transports as a function of the sea height anomalies and the statistics of the
upper layer thickness and reduced gravity for the region. We compute the reduced gravity
values from the slope of a linear fit between the sea height anomalies and the upper layer
thicknesses. We estimate the reduced gravity values for this region to range from 0.005 to
0.011 m s™2. We also estimate the mean barotropic sea height difference using two
methods: conservation of mass and conservation of potential vorticity. Finally, we compute
the time series for the baroclinic and barotropic transports during the Geosat Exact
Repeal Mission time period. Our results suggest that the mean baroclinic transport in the
upper layer decreases from 12 Sv at around 35°S to 7 Sv at 37°S. Our results also indicate

that there is a significant barotropic contribution to the upper layer transport in the

confluence region.

1. Introduction

The merger of subtropical western boundary current re-
gimes with currents from the subpolar domains results in large
contrasts in stratification. These changes in stratification and
the action of eddy activity in the western boundary domain to
drive barotropic flows render transport estimates in these re-
gimes problematic. In this work we consider the decomposition
of the baroclinic and barotropic components of these flows by
using a combination of surface height anomalies measured
from satellite altimetry and in situ data on the baroclinic field.
While this problem might be considered in any of the western
boundary currents, for example, the Kuroshio-Oyashio or the
Gulf Stream-Slope Water regime, we concentrate our analysis
on the Brazil-Malvinas Confluence. This regime is character-
ized by a weak, warm southward Brazil Current (BC) meeting
a strong, cold, less saline northward current, the Malvinas
(Falkland) Current (MC). The MC is a branch of the Antarctic
Circumpolar Current, which has large barotropic components.
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In this work we define the currents as the flows above the
pycnocline. This definition of the currents, while leading to
quantitative transports results here, only partially addresses
the debate in the literature over the structure of these two
currents. Various authors [Gordon, 1989; Roden, 1986; Gordon
and Greengrove, 1986] investigate the contrasts in water masses
in the confluence, which we do not discuss in detail here.
Rather, we emphasize the dynamics in the upper layer of the
confluence in terms of the vertical structure typical of the
Subantarctic front and the edge of the subtropical gyre.

Our goal in this work is to provide a method that uses
satellite altimetry to estimate the thickness of the upper layer
of the ocean, which goes from the surface to the depth of the
8°C isotherm, and the transport within that layer in a region
characterized by the presence of a western boundary current.
To accomplish this, we combine in situ data from two data sets,
one provided by an array of inverted echo sounders (IES)
[Confluence Principal Investigators, 1991], and another from the
Geosat Exact Repeat Mission (ERM) passes over the conflu-
ence region. The nature of these two data sets limits the ability
of the analysis to address the structure of the deep flows.
Nevertheless, we use them to quantify the baroclinic and baro-
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Figure 1. Locations of the deployment of the 10 inverted

echo sounders (IESs, solid circles) and the Geosat altimeter
grid positions (open circles) off the Argentine continental
shelf. The bathymetry, with depths in meters, and the Geosat
Exact Repeat Mission (ERM) ground tracks (dotted lines) are
included in the figure.

tropic contributions to the upper layer boundary current flows.
We also utilize satellite infrared imagery to help identify fron-
tal positions and surface mesoscale features. This work is an
extension of the various mappings of boundary currents using
altimeter-derived sea height anomalies [Cheney et al., 1983;
Kelly, 1991; Kelly et al., 1991; Kelly and Gille, 1990] to include a
decomposition between the baroclinic and barotropic modes.
This effort to combine IES and altimeter data extends earlier
comparative analyses of these sorts of data in the Gulf Stream
by Hallock and Teague [1993] and Teague et al. [1995]. This
type of analysis is especially valuable in the confluence region
because of the debate over the structure of the two currents
that in particular makes the specification of the two currents’
transports uncertain [Gordon, 1989; Zemba, 1991; Peterson and
Stramma, 1992; Smith et al., 1994]. Again, the definition of the
two currents used here is limited to the surface flows as defined
by the pycnoclines. In this respect the fine-scale issues of the
North Atlantic Deep Water and Antarctic Bottom Water flows
cannot be addressed within the error bars.

There exist several descriptions of the dynamics of the Brazil
and Malvinas Currents, along with their confluence. One of the
earliest data sets describing these currents’ paths is the sea
surface thermal front mapping by Legeckis and Gordon [1982].
The separation of the currents from the continental shelf over
time is analyzed quantitatively by Olson et al. [1988] and Ma-
tano [1993]. More recent works compare data on frontal posi-
tions with IES-derived current positions [Garzoli and Bianchi,
1987; Garzoli and Garraffo, 1989; Garzoli and Simionato, 1990].
Garzoli [1993] uses an IES data set to estimate 0/1000 dbar
transports and their relationship to wind forcing. Altimeter-
based descriptions of the confluence region include the rms
surface height charts by Cheney et al. [1983], a mapping of sea
height anomaly (SHA) distributions versus sea surface frontal
positions by Provost et al. [1989], and studies of temporal vari-
ations over time by Provost and Le Traon [1993] and Forbes et
al. [1993]. Garraffo et al. [1992] use the combination of data
sets, including Geosat altimetry, to consider the validity of the
Semtner and Chervin [1992] global eddy-admitting circulation
model. Finally, there are several model studies of the conflu-
ence and its variability in relationship to various forcing
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sources [Garzoli and Simionato, 1990; Matano, 1993; Campos
and Olson, 1991; Smith et al., 1994].

We begin this work with a brief introduction of the Geosat
and IES data sets and advanced very high resolution radiom-
eter (AVHRR) images used in this study. We follow with a
description of the changes in sea height and thickness of the
upper layer caused by the passage of the BC front, the MC, and
warm (anticyclonic) and cold (cyclonic) eddies. We continue
with a theoretical discussion of the diagnostic two-layer ocean
model we use to decompose the circulation into baroclinic and
barotropic contributions. We examine the relationship be-
tween sea height and upper layer thickness changes caused at
each IES site by the passage of a front or a mesoscale feature,
which allows us to estimate the reduced gravity in the area. We
later introduce a method based on this model to monitor the
thickness of the upper layer using altimeter data. We also
propose two methods to estimate the mean barotropic sea
height change in the region, one based on the conservation of
mass and another on the conservation of potential vorticity.
Finally, we round out this work by computing the time series
for upper layer thickness difference and the barotropic and
baroclinic transports between two selected IES sites for the
entire Geosat ERM time period.

2. Data Sources
2.1.

Inverted echo sounders are devices placed on the bottom of
the ocean to simultaneously work as a sound source and re-
ceiver. They register the time that an acoustic signal takes to
reflect at the sea surface and return to the bottom of the ocean.
These travel times are regressed against hydrographic data to
find an algorithm for computing the dynamic height and the
thickness of the upper layer, which goes from the free surface
to the thermocline depth [Watts and Rossby, 1977; Garzoli and
Garraffo, 1989].

In the first study of its kind in the SW Atlantic Ocean, two
consecutive experiments were carried out with two and three
IESs deployed between November 1984 and April 1986. Gar-
zoli and Bianchi [1987] use the data from the first experiment
(November 1984 to June 1985) to study the BC front oscilla-
tions and to estimate the southward transport across 37°50’S in
the upper 800 m. They estimate a mean BC transport of 10 Sv
(1 Sv = 10° m* s~ "), with peaks of around 23 Sv. In the second
experiment, three IESs were deployed between June 1985 and
March 1986. Garzoli and Garraffo [1989] use this data to esti-
mate the transport relative to 800 m at around 11 Sv for the BC
and 3.5 Sv for the MC. Additionally, they identify an annual
oscillation in the location of the BC front. Garzoli and Simi-
onato [1990] also use these data to study baroclinic instabilities
as well as the wind-driven frontal oscillations of the BC.

In a third experiment, 10 IESs were deployed in the Brazil-
Malvinas Confluence region from November 1988 to February
1990 [Confluence Principal Investigators, 1991]. These data are
the basis of Garzoli’s [1993] transport estimates. We use the
data provided by this array of 10 IESs placed off the Argentine
continental shelf between 35° and 38°S, at locations depicted
by solid circles in Figure 1. The dotted lines in the same figure
represent the Geosat ERM ground tracks. Table 1 shows the
locations and depth for each of the IES sites. We analyze the
errors in a way similar to that described by Garzoli and Bianchi
[1987]. We regress the conductivity-temperature-depth (CTD)
data collected during cruises to the data collected at the 10 IES
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sites to obtain a relationship between changes in travel time
and changes in the depth of the 8°C isotherm, #,. We compute
the 8°C isotherm and the travel time, defined as the integral of
the inverse of the sound velocity, for every CTD cast. We then
obtain a regression between both quantities with an error of
the estimate of 16 m, with a correlation coefficient of 0.9. We
finally adjust the time series of Ak, where Ak, = h, — h,
and &, is the time average of the series, to the values measured
during the cruises to obtain the values of /.

2.2. Geosat Altimeter

We use the Geosat ERM T2 geophysical data records
(GDRs), so called because the orbits are based on the God-
dard Earth Model T2 [Haines et al., 1990], to compute the
values of SHA in the SW Atlantic Ocean. We apply corrections
to the data set similar to those described in detail by Cheney et
al. [1987], which include solid and ocean tides and wet and dry
tropospheric, ionospheric, EM bias, and inverse barometric
corrections. We then interpolate the corrected heights onto a
7-km along-track grid and compute a mean or reference sea
surface profile for each track using a slightly modified collinear
approach similar to that proposed by Chelton et al. [1990]. This
method estimates the mean sea height from the mean along-
track slope of interpolated sea heights at fixed grid points in a
process equivalent to integration, i.e., by reconstructing the
curve from its mean slope value at each grid point. We find that
there is not a repeated occurrence of missing data, which
usually causes differences between the arithmetic mean and
the reference profiles. We then compute the SHA at each grid
point and every cycle by subtracting the reference estimate
from the sea height values. This last step also eliminates the
time-invariant orbit error. We use only the SHA, as the abso-
lute sea surface topography cannot be estimated from the
currently available geoid model. Finally, we estimate and re-
move the time-dependent orbit error from the signal by fitting
a sinusoid to each cycle. We take extreme caution when com-
paring SHA values from different sites with one another, since
they are referred to different mean values. However, at a fixed
site, changes in SHA are the same as changes in sea height. We
use this concept in the following sections when we give both
variables the same meaning.

The 10 IES locations were chosen to lie close to the Geosat
ERM ground tracks to better blend with altimeter data. Since
the Geosat altimeter provided data until September 1989, we
can use only the combined Geosat altimeter and IES data
corresponding to the period November 1988 through Septem-

Table 1. Locations of the 10 Inverted Echo Sounder (IES)
Deployments, the Ocean Depth at Their Sites, and the
Locations Used for the Geosat Objective Analysis (OA)

IES  Depth, IES IES OA OA
Site m Latitude  Longitude  Latitude  Longitude
1 2852 37°37°S 53°34'W 37°36°S 53°36'W
2 3804 37°48’S 52°45°W 37°48'S 52°48°'W
3 4346 37°57’S 51°53’W 38°00°S 51°48°'W
4 4824 35°19°S 46°29°W 35724°S 46°24'W
5 4688 35°21°S 47°59°W 35°24’S 48°00'W
6 4247 35922°S 49°30'W 35°24’S 49°36'W
7 3018 35°21°S 51°00W 35°24’S 51°00°'W
8 1327 35°27'S 52°16'W 35°24’S 52°12’W
9 2231 36°39°S 53°00W 36°36’S 53°00°'W
10 3307 36°29°S S1°52°W 36°24’S 51°48'W
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Figure 2. Map of normalized error for the objective-analysis-
derived sea height anomaly (SHA) field in the SW Atlantic
Ocean, corresponding to the period February 11-15, 1988. The
estimation variances range from 0.25 to 0.33 times the field of
variance. The smallest errors occur along the Geosat ERM
ground tracks (dotted lines), while the largest are in the areas
distant from them. The solid circles correspond to the IES
sites.

ber 1989, referred to from now on as the study period. In order
to estimate the SHA values as close as possible to the IES
locations and to account for the mesoscale features present in
the area, we use the objective analysis (OA) scheme described
by Mariano and Brown [1992] to interpolate the SHA into a
0.2° grid every 5 days. The last two columns in Table 1 show the
grid locations closest to the IES site which we use to extract the
values of SHA. The solid circles in Figure 1 indicate the IES
sites, while the open circles show the grid locations of the
OA-derived SHA. Figure 2 shows a typical map of normalized
errors, corresponding to the period February 11-15, 1988. We
define these errors as the estimation variance divided by the
field variance, obtained for the OA computations. The dotted
lines in the same figure show the Geosat ERM ground tracks.
The mapping estimation variances are a function of the corre-
lation matrix and data locations. The minimum estimation
variances of around 0.25 times the field variance occur along
the altimeter ground tracks. The maximum estimation vari-
ances of around 0.33 times the field of variance occur in areas
distant from the ground tracks.

2.3. AVHRR Images

We make use of 5-day sea surface temperature (SST) com-
posites constructed from AVHRR images available for this
region [Podesta et al., 1991]. These composites provide infor-
mation on the sea surface thermal contrast, and we use them as
a guide to identify mesoscale surface features and frontal
movements. However, this is not always possible as the images
present many gaps during the southern hemisphere winter due
to the constant presence of clouds. We extract the SST values
from AVHRR composites, and as they only provide a measure
of the temperature from the upper millimeters of the sea
surface, they do not always show a correspondence with the
SHA and the thickness of the upper layer. The location of the
boundaries of the MC and cold eddies are not always easily
distinguishable at the surface, since a thin warm layer of water
can cover these features.
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Figure 3. (a) Root-mean-square variability, in meters, of the
sea surface height field in the SW Atlantic Ocean, as obtained
from Geosat data from November 1986 to September 1989.
Higher values of around 0.30 m are found in the Brazil-
Malvinas Confluence region and are associated with the pres-
ence of frontal movements and mesoscale processes. (b) Fron-
tal density fields, in 1077 km™', computed following the
method proposed by Garzoli et al. [1992] using AVHRR-
derived Brazil Current frontal positions from 1984 to 1989.
The higher values along 54°W denote a preferred position for
the fronts off the continental shelf before they retroflect to the
NE direction. The circles in both figures show the location of
the 10 IES sites, and the solid line indicates the 200-m isobath.
We show the actual values of rms variability and FD at each
IES site in Table 2.

3. Mesoscale Features and Frontal Movements

Many studies analyze the circulation in the Gulf Stream
and/or Kuroshio regions using only altimeter data [Tai, 1990;
Kelly, 1991; Kelly et al., 1991; Qiu, 1992]. These works provide
a methodology to estimate the transports across the Geosat
ERM ground tracks in these regions based on synthetically
derived mean sea height profiles. Ezer et al. [1993] assimilate
Geosat altimeter and synoptic SST data into a numerical
model of the Gulf Stream region to analyze the dynamics of
the mesoscale features in that area. Most of the studies focus-
ing on the relationship between the sea surface topography and
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the subsurface thermal structure in frontal areas are also lim-
ited to the Gulf Stream and Kuroshio regions. Szcechowski
[1992] conducted a study combining Geosat and air-dropped
expendable bathythermograph (AXBT) data, in which the sur-
face thermal front is usually displaced to the north of the
subsurface front, which in turn is generally located to the south
of the Geosat-derived frontal position. Published literature on
the combination of two or more remote-sensing methods to
study the dynamics of western boundary currents is more
scarce. Hallock and Teague [1993] and Teague et al. [1995]
study the correlation of sea surface height anomalies measured
by IESs and compare them with Geosat and TOPEX/
POSEIDON altimeter data, respectively. We are not aware of
any study that simultaneously combines altimetry and other
remote-sensing-derived data to study the upper layer circula-
tion in the SW Atlantic Ocean.

3.1.

The Brazil Current separates from the continental slope at
around 37°S and then begins meandering, turning first to the
SE and then to the NE, with fluctuations geographically lim-
ited by the continental slope to the west and around 49°S to the
south. We identify the BC surface front using AVHRR 5-day
composites at the location of the maximum SST gradient in the
area where the jet of the BC encounters the waters of the MC.
From altimeter data we approximate the location of the BC
axis at the position of the maximum along-track SHA gradient,
going from south to north, in the area close to the thermal
front. The jet of the BC and the surface thermal front are
positioned at different locations, with the thermal front usually
located to the south of the jet of the current. However, owing
to the presence of complicated patterns of currents, counter-
currents, eddies, and meanders, this situation is sometimes
reversed.

We illustrate the complexity of the region’s dynamics by
means of two types of maps: (1) a map with the spatial SHA
variability in the region constructed from GEOSAT altimeter
data (Figure 3a) and (2) a frontal density (FD) map derived
from BC surface fronts using AVHRR composites (Figure 3b),
with the FD being a measure of the probability of finding the
surface thermal front [Garzoli et al., 1992].

Figure 3a shows the rms SHA values from November 1986
to September 1989, the period of time covered by the Geosat
ERM. The rms sea height anomaly has the same value as the
rms sea height because the anomalies are referred to a curve
that approximately represents the arithmetic mean. The spatial
average of the rms sea height anomaly values for the conflu-
ence area is around 0.15 m, with maximum values of around
0.35 m. Going from north to south through the confluence
region, the rms sea height anomaly increases until it reaches its
peak value, exhibiting afterward a rapid decrease. We specu-
late that this situation arises from the fact that the BC fronts
generally have a smaller (higher) sea height change to the
north (south) of the highest rms sea height values. Provost et al.
[1989] report a similar result for a study of the variability of the
dynamic height relative to 1400 m in the same area, with the
smallest variability values in the south of the confluence region.

Figure 3b shows the surface FD values (in reciprocal kilo-
meters) between July 1984 and February 1989, computed using
the method described by Garzoli et al. [1992]. The higher FD
values along the continental slope, at approximately 54°W,
north of the BC retroflection imply a rather small EW oscil-
lation. After the BC turns to the NE, the range of the oscilla-

Variability in the Brazil-Malvinas Confluence Region
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Table 2. Geosat-Derived Root-Mean-Square Sea Height
Variability, AVHRR-Derived Frontal Density (FD), and
IES-Derived Values of the Mean and Standard Deviation
for Upper Layer Thickness at Each of the 10 IES Sites and
for the 10 Sites Together

Mean

IES Site rms, FD, hy o,
i m 1077 km™" m m
1 0.16 20 133 110
2 0.18 8 322 189
3 0.20 6 519 153
4 0.18 456 105
5 0.18 444 130
6 0.16 550 114
7 0.12 668 60
8 0.11 14 456 75
9 0.15 19 297 187
10 0.16 585 102
All e 443 196

Blank entries in the FD column indicate values of less than 1.

tions in the latitudinal and longitudinal directions is larger, as
is represented by smaller FD values dispersed over a wider
area. When the frontal movements are restricted to a very
small region, the areas with high FD values also have relatively
small rms SHA values. However, this situation does not occur
in the confluence region, where the BC fronts are located over
an area of around 10° km? We note that west of 54°W the
higher rms values are located to the east of the higher FD
values, which implies larger variations of sea height toward the
center of the subtropical gyre, due to more intense meander and
eddy activity.

The 10 IESs are located in an area of different characteris-
tics in their dynamics, where the rms SHA values range from
0.11 to 0.20 m, and the FD values extend from 0 to 20 X 1077
km ™. Table 2 shows the rms and FD values at each IES site.
We observe that sites 2 and 3 are located in an area of high rms
sea height variability and high FD values. Sites 4, 5, 6, and 10
are located in an area of high rms sea height variability and low
FD values. Site 7 is located in an area of low rms sea height
variability and low FD values, and sites 1, 8, and 9 are located
in an area of low rms sea height variability and high FD values.
Although the IESs are not located in the areas with the highest
rms and FD values, they are positioned across the jet of the BC
current, which is especially important for transport computa-
tions. We also consider it noteworthy that the higher rms values
are not usually associated with preferred frontal locations.

3.2. Sea Surface Temperature, Upper Layer Thickness,
and Sea Height Anomaly

Figure 7 illustrates the geometry of the vertical structure
showing the upper layer thickness and SHA. Figure 4 shows
the time series of the upper layer thickness as obtained from
the IESs, the SHA from the Geosat altimeter data, and the
SST from AVHRR composites, at each of the 10 IES sites. We
show the correspondence between these parameters and the
lines in the top right panel of the figure. We filter the values of
the SST and upper layer thickness time series with a Hanning
filter to exclude high-frequency variations of less than 20 days.
We then subsample the SST and upper layer thickness time
series for 5-day intervals for the approximately 11-month
length of the study period, thus obtaining 66 data points for
each of the time series. In this section we investigate simulta-
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neous changes in SHA, upper layer thickness, and SST asso-
ciated with the movements of the BC, MC, and mesoscale
features. After we analyze these changes, we locate several
significant surface features, three eddies and two surface
fronts, and explore in more detail the effect of these events on
the SHA and the upper layer thickness.

The SST has an annual cycle with maximum values during
the summer months of the southern hemisphere, i.e., Decem-
ber through March, which becomes more noticeable in areas
close to the continental shelf [Podesta et al., 1991], as seen in
sites 1, 8, and 9. Site 1 shows the minimum SST value of 8.0°C
during the month of June. This site also shows higher fluctu-
ations of SST due to the presence of the MC and BC water
masses on the surface at different times. The maximum value
of SST, around 25.0°C, occurs during the end of summer at site
8, which is usually crossed by the core of the BC. The time of
the year when this occurs suggests a nonseasonal SST variabil-
ity, related to the oscillations of the BC and MC, which agrees
with the results obtained by Podesta et al. [1991]. The AVHRR
composites reveal that the influence of the MC surface intru-
sion to the north is more noticeable from May through July at
site 1 and during August at site 9. This northern intrusion of
the MC causes the BC front to separate from the continental
slope at around 34°S, somewhat to the north of the previous
reported value of 35°S for a different period of time [Olson et
al., 1985].

The time series in Figure 4 that corresponds to IES 1 shows
the surface features responsible for the largest changes in up-
per layer thickness. A warm eddy (W) crosses this site in
November, causing a rise in SHA and an increase in the upper
layer thickness. The BC front crosses site 1 in January (BC),
and the jet of the BC passes through this same site in February
and July (BJ), producing similar effects on the SHA and upper
layer thickness. The MC front passes through site 1 in Febru-
ary, March, and April (MC), causing the thermocline to rise
and the SHA to decrease. The Subantarctic waters (S) cover
this site in May and June, causing the thermocline to rise to the
surface. The correspondence between the SHA and upper
layer thickness at each IES site is easily visualized in Figure 4,
in which an increase in the thickness of the upper layer is
usually associated with a rise in the sea height. However, we
also notice that for each pair of SHA and upper layer thickness
values, the best agreements do not appear to be correlated with
events associated with larger amplitudes.

The thermocline rises to the surface only at site 1, during the
months of May and June 1989, owing to the presence of the
MC on the surface at this location. However, we notice that the
SST for this period of time is not 8°C, the value assigned in this
work for the thermocline. This can be explained because the
SST, as found from the AVHRR composites, is only a measure
of the skin temperature of the ocean [Schluessel et al., 1987]
and also because the 8°C isotherm depth obtained from the
IESs is an estimate based on regressions using hydrographic
data. The upper layer thickness gets its largest values, of more
than 700 m, in the offshore locations, at site 3 for the months
of January and March and site 7 for the month of June.

In general, the movement of the BC front causes an increase
of up to 700 m in the upper layer thickness, due to a change in
regime from Brazil waters to Malvinas waters. These values are
from 2 to 4 times larger than the upper layer thickness increase
caused by the passage of warm eddies in this region, which is of
approximately 200 m. The largest changes in the thickness of
the upper layer occur during periods ranging from 1 to 3
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Figure 4. Time series for the sea surface temperature (SST, degrees Celsius), sea height anomaly »'
(meters), and upper layer thickness /2, (meters) for IES sites 1 through 10. The correspondence between these
parameters and the lines is shown in the top right panel. The time interval goes from October 1988 through
October 1989. Several important surface features are included in the top left panel that corresponds to IES
1; the abbreviations correspond to the passage of a warm eddy in November (W), the BC front in January
(BC), the jet of the BC in February and July (BJ), the MC front in February, March, April, and May (MC),

and the Subantarctic waters (S) in May and June.

months in sites located on the east side of the array, with
increases of more than 500 m in 3 months.

Figure 4 reveals that the rise of the sea surface height after
the passage of the BC front ranges approximately from 0.10 to
0.40 m, with an average of 0.30 m and with the largest values
corresponding to the offshore sites. Changes in SHA of around
0.40 m are observed at every site except for site 8, which has
the lowest SHA rms values, of around 0.10 m. Sea height
variations associated to the passage of the BC front are from 2
to 3 times greater than those resulting from the passage of an
eddy. On the other hand, upper-layer thickness variations as-
sociated with the passage of the BC are from 2 to 4 times larger
than those resulting from the passage of an eddy.

Figure 5 shows the frequency distribution of the thickness of
the upper layer at each of the 10 sites (small panels), and for
the 10 sites together (large panel). The mean and standard
deviation values are shown in Table 2. We find the largest
values of upper layer thickness and lower standard deviation
values at sites 3, 6, 7, and 10, which are the locations frequently
crossed by the jet of the BC. It is difficult to associate any of the
distribution patterns in Figure 5 with a Gaussian distribution.
However, we observe an approximate Gaussian distribution at
sites 6, 7, 8, and 10, which are sites that are mostly in BC
waters. The rest of the sites present patterns that are defini-

tively not Gaussian because of the change from BC to MC
regimes. Kim and Rossby [1979] examine variations in thermo-
cline depth after the passage of a front or an eddy in an area
of the North Atlantic Ocean, concluding that different statis-
tics, one for eddies and another for the mesoscale field, must
be used to describe the variability. They also concluded that
the formation of eddies can therefore be associated with the
tails in the histograms. Our data show that this effect is some-
times strong enough to generate a multimodal structure, as can
be seen in sites 2, 5, and 9. A tail toward the right, with
thicknesses of the upper layer larger than the mean, can be
seen at site 1, the westernmost IES site. This large number of
small upper layer thicknesses is due to the presence of the MC
at or close to the surface. Some sites (3, 6, and 10) present a tail
to the left, with upper layer thicknesses smaller than the mean,
owing to the presence of warm core eddies.

3.3. Selected Mesoscale Features and Frontal Movements

Garzoli [1993] analyzes some of the mesoscale and frontal
features present during the study period, as well as some as-
pects of the variability and intensity of the flows in the region.
This work also provides an overview of the cyclonic and anti-
cyclonic circulations as well as the northern penetration of the
MC and the separation of the Brazil Current from the conti-
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Figure 5. Histograms of distribution of the upper layer thickness /,, for each of the IES sites (small panels)

and for the 10 sites together (large panel). The mean
in Table 2.

nental shelf. In this section we expand the discussion provided
by Garzoli [1993] to include the simultaneous changes in the
thickness of the upper layer, sea surface height, and sea surface
temperature in three eddies and two frontal movements.

The AVHRR composites show that during the study period
the largest cold and warm eddies are formed south of 38°S, that
is, south of the area covered by the IESs. However, we still
identify two warm eddies in surface water during November
1988 (Figure 6a) and June-July 1989 (Figure 6b) north of 38°S.
These warm core eddies are formed when a portion of a BC
meander pinches off an anticyclonic vortex into colder Subant-
arctic waters. These two eddies are rather uncommon, since
they are formed on the western boundary of the BC and very
close to the continental slope. Their trajectory is almost de-
cided at that point, because they never cross the continental
slope to the west and, at the same time, the MC pushes them
to the NE, making them rejoin the BC or simply disappear
[Legeckis and Gordon, 1982). Legeckis and Gordon [1982] also
report that cold eddies, made up of Subantarctic MC waters,
are more frequently found between 40° and 50°S. However, we
find a cold eddy at approximately 36°S during the month of
July—-August 1989 (Figure 6¢). Although we observe both cold
and warm eddies in the area of study, we do not generalize the

and standard deviation values for each site are shown

following analysis for areas south of 38°S, as the sea height
variations across the BC fronts increase as the fronts move
toward the south.

A warm eddy, eddy A, begins forming between sites 9 and 10
during mid-November 1988, the beginning of the IES experi-
ment. On November 22 this small eddy appears well formed,
with its center to the SE of site 1. Figure 6a shows the thermal
field extracted from the SST composite corresponding to No-
vember 20-24, Eddy A is highly elliptical, oriented meridion-
ally, and, from the AVHRR composite, does not show a very
well defined southern limit at the surface. Its major axis is
nearly 400 km, and its minor axis is about 60 km. The surface
temperature of the core of eddy A is about 19.3°C, with sur-
rounding waters of 14.0°C to the west and 15.3°C to the east.
Eddy A shows a relatively short life of around 15 days, as the
SST composites reveal that it joins the main jet of the BC again
by the beginning of December. During this short period of
time, eddy A causes a rise in sea height of about 0.30 m and an
increase in the thickness of the upper layer of only 30 m. Even
though eddy A is rather superficial in nature, it is very well
detected by Geosat. Figure 6a has superimposed the Geosat
ground track that crosses this eddy. Next to this figure we show
the SHA along the Geosat track for November 26. We observe
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Figure 6. Sea surface temperature diagrams obtained from
AVHRR-derived 5- or 10-day composites showing (a) a warm
eddy, eddy A, formed in November 1988; (b) a warm eddy,
eddy B, formed in June 1989; (c) a cold eddy, eddy C, formed
in July 1989; (d) the Brazil Current front moving from west to
east in December 1988; and (e) the Malvinas Current front
moving toward the east in March 1989. Figure 6a also has
superimposed a Geosat ERM ground track. The altimeter-
derived SHA profile that corresponds to November 26, 1988, is
shown to the left of the figure; the warm eddy appears as
positive values in the profile.

the correspondence between sea height and the dynamics of
the surface processes as we go south along the Geosat track.
The SHA values decrease when the track passes from the
warm BC waters to the MC waters. We can identify eddy A as
a positive SHA, with a peak value of around 0.30 m, in the
SHA profile of Figure 6a.

A better defined eddy on the surface, eddy B, forms in June
1989 in the area covered by sites 1, 2, and 9. By the end of June
the BC front crosses the locations corresponding to sites 9 and
2, and shortly after this, eddy B begins to form. By the begin-
ning of July it grows and translates slightly to the west to also
cover site 1. By July 15 this warm eddy is already well defined
at the surface, with its center located at 38°S and 53°W, its
western boundary close to site 1, and its eastern border close to
site 2. Figure 6b shows a map with a diagram of the SST
conditions in the area during July 16-20. The SST of the core
of eddy B is around 20.1°C; the temperature of the surround-
ing water is 9.1° and 16.2°C to the west and east of the eddy,
respectively. As in the case of eddy A, the temperature to the
west of the eddy is colder than the temperature to the east,
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owing to the presence at the surface of MC waters. Eddy B is
clearly identified in the SST time series for sites 1 and 2, with
peak SST values of around 20°C during the month of July
(Figure 4, sites 1 and 2). From the SST composites we estimate
the longitudinal and latitudinal surface axes of eddy B to be
about 124 km and 200 km, respectively. The formation of eddy
B lasts for approximately 1 month. After it is formed, eddy B
rapidly disappears from the SST composites and is gone by
June 25, 5 days after it is completely formed. During this
month the thermocline lowers from 0 m to 200 m depth in site
1, and from 50 m to 400 m in site 2. The passage of eddy B also
causes a sea height rise at these two IES locations of about
0.20 m.

The BC front moves to lower latitudes during the winter
months than during any other season. From the AVHRR com-
posites we observe Subantarctic waters from the MC on the
surface at latitudes as far north as 32°S off the coast of Brazil
during the winter [Garzoli et al., 1992]. A cold eddy, eddy C,
begins forming from a surface intrusion of cold Subantarctic
water at 36°S at the beginning of July 1989. Figure 6c¢ shows the
SST conditions in the area for the period August 5-10. The
eastern border of eddy C is located at site 5 at the beginning of
August. The temperature at the core of this eddy is about
15.1°C, with surrounding SST of around 18.9°C. The axis at the
surface is about 188 km longitudinally and 218 km latitudinally.
During this month the thickness of the upper layer increases
from 500 to 300 m, and the sea surface lowers 0.20 m. We
cannot estimate the life span of this eddy owing to cloud
coverage in the SST composites. However, we notice that it
finally joins the rest of the colder water that covers the area
during the month of August.

We observe that the passage of the BC causes the largest
variations in thickness of the upper layer and sea height. We
examine a zonal movement of the BC front from west to east
during the months of November and December 1988, as de-
tected at site 9. We show in Figure 6d the SST conditions for
December 26-31, 1988. Figure 4 shows that the passage of the
front at site 9 produces an increase in the thickness of the
upper layer of around 600 m and a rise of the sea height of
around 0.35 m over a 2-month period.

By mid-March 1989 the MC front moves toward the north
along the continental slope, crossing site 1 from west to east.
We show in Figure 6e the SST conditions for April 1-April 15.
The waters of the MC stay in this area until the month of June.
We see in Figure 4 that during this period of time the ther-
mocline rises from 350 m to 0 m, and the sea height drops
0.40 m.

4. Decomposition of the Vertical Structure With
Thermocline Depth and Sea Height Anomaly

4.1. Two-Layer Model

Figure 7 shows the assumed geometry, in which we use the
common two-layer approximation of the vertical structure of
the ocean to describe the sharp vertical gradient that surfaces
near surface and deep waters in the Brazil-Malvinas Conflu-
ence [Gordon, 1989]. We treat the system as having thermo-
cline deviations and a reduced gravity that produce pressure
gradients associated with the baroclinic structure of the circu-
lation. We choose the thermocline to correspond to the 8°C
isotherm. The reduced gravity is ¢', where ¢’ = g(p, —
p1)/p,, ¢ is the gravitational acceleration, and p, and p, are
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Figure 7. The approximate geometry of the Brazil-Malvinas
Confluence region where the 10 IESs were deployed. The hori-
zontal axis is the time #; an increment in the upper layer thickness
h, corresponds to a rise in the sea height elevation n'. Ay is
The mean upper layer thickness is /,; the ocean depth is D,
and the upper layer thickness anomaly is 2 (t) = h,(t) — h,.

the densities of the upper and lower layers, respectively. We
also assume the lower layer to be in motion and tied to a
vertically constant barotropic component of the horizontal
pressure gradient in both layers. We then need to specify the
contribution of the two pressure gradients, baroclinic and
barotropic, to the sea surface height observed from the altim-
eter.

The ocean has a total fluid column depth D(x), from a
surface that is assumed to correspond to the geopotential sur-
face if the ocean is at rest. The variable x is a one-dimensional
horizontal coordinate. The water column is divided into upper
and lower layers with thicknesses and densities of &, (x, ), py,
and h,(x, t), p,, respectively. The sea height is then

n(x, t) = h(x, t) + hy(x, t) — D(x). (1
At a fixed location the sea height is then
n(t) = hi(t) + hy(t) = D. (2)

If we ignore the pressure variations in the atmosphere, we can
write the pressure distribution in both layers as

Pi(t) = piglh(t) + hy(t) = (D + 2)],
Py(t) = pighi(t) + paglhy(t) — D — z].

We can then write the pressure gradients in terms of a ba-
roclinic component that is proportional to 4,(¢), and a baro-
tropic contribution to the pressure field. We recognize the
latter in terms of the temporal portion of the lower layer
pressure. We obtain this by rewriting the lower layer pressure
as

(3)

p
Pz(t)=ng[p—;h1(t)+h2(t)—D—Z]. (4
Noting that D + z adds no horizontal variations in the fluid
column, the barotropic component becomes
B(t) = pi/pshy(t) + hy(t) — D. %)

We rewrite the sea height (equation (1)) as a function of a
baroclinic and barotropic component:

16,281
n(t) = ehy(t) + B(t), (6)

where
e = (py— p1)/pa (7

Equation (6) shows the decomposition of the sea height into a
baroclinic (g4 ,) and a barotropic (B) component.

If v’ is the sea height anomaly, or departure of the sea height
from the mean or reference sea height (z = 0), we can write
to a first approximation

- B
ﬁ:8h1+B=sh1<l+;ﬁr), (8)
and

o i cn B'(1)
n(t)—8h1(1)+B(t)*shl(t)<l+m>, %)

where

hi(t) = hy(t) — h, (10)
Equations (8) and (9) show the baroclinic and barotropic con-
tributions to the mean sea height and the sea height anomaly,
respectively. Combining (9) and (10), the thickness of the up-
per layer is then given by

1
hi(t) = hy+ —[n' () = B'(1)]. (11)

The geostrophic velocity in the column can be calculated for
each layer from

=f"'k x{g'Vhi(x, 1) + gVB(x, 1)} (12)

(13)

where f is the Corlolls parameter and k is the unit vector in the
z direction. ¢

Given this background we now need to sort these quantities
out of the avallable data sets; i.e., upper layer thickness from
the IESs and the sea—helght anomalres from the Geosat altim-
eter data. From these the problem becomes one of computmg
the unknown conm _nr of the barotropic fields B and B’
We can estimate the parameter & either from available hydro-
graphic data for the area or from relationships between the
altimeter-derived SHA, 7', and the upper layer thickness 7.

v, = pi'f K X gVB(x, 1),

4.2. Transport Computatlons

In this section we descrlbe an analysis to estimate and mon-
itor the barotroplc and baroclinic components of the transports
using expression (11) derived above for upper layer thickness.

To compute the baroclinic transport we assume that the
bottom layer is at rest, V, = 0 in (13), and every change of the
thickness of the upper layer corresponds to a change in sea
surface height, that is, B'(x, t) = 0 in (9). With these condi-
tions, the velocity of the upper layer is

Vi) = Qf VA (t).

If the distance between two sites, @ and b, is L, the baroclinic
transport in the upper layer Scl(t) is

(14)
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L/2
Sc.(t):J' [Vi(£) |y o(2) dx = —Ah (1),  (15)
—-L/2

2f

where v,(¢) is the velocity component perpendicular to the
section formed by the locations a and b, |v;(t)] = ¢'[h, () —
By aOVLS), By (1) = Thyo(t) + hyp(1)]/2 i the time
series of the mean thermocline depth between these sites,
AR§(t) = h3,(t) = hi,(t), and

nit)

i

hi(t) = ﬁl,[ + (16)

is the thickness of the upper layer at the site i.
We compute the square of the thickness of the upper layer
using (16) for sites ¢ and b to obtain

(1)
&

np(t) [ -

The baroclinic transport between sites a and b, S(t), is then

(O =R+ ”'““)] ,

a

[2}—11,‘, + -

hiy(t) = E%,b + ‘fli(f)] .

S.(0) _Zc{ R, - ) + nz(t) [Zhlb né(t)]
"ii[) [2}_11,{1 + ni(;)]} . (18)

The first term inside the curly brackets is a function of the
mean upper-layer thickness at each site and gives the mean
component of the baroclinic transport. The second and third
terms are also functions of the sea height variability and re-
duced gravity in the region and provide an estimate of the eddy
component of the baroclinic transport, which is

-1
cl(t 2f [nb(t) ,a(t)]{zh] + g [7];;(’) + 7);(1)]}, (19)

where 8 ~ &, ~ e,, and hy ~ h;, ~ hy,,.

This expression coincides with the one obtained by Tai [1990]
for areas where nj, + 7/ cancels. The accuracy of (18) and
(19) to reproduce the values obtained using the exact expres-
sion for the two-layer model (15) depends on how well the
parameters &, and ¢, correlate the upper layer thickness with
the SHA and on the actual barotropicity of the area, as in the
baroclinic transport the term B’ is set equal to zero. In the
following section we present a method to estimate the value of
¢ using IES and altimeter data simultaneously.

We now compute the mean and eddy component of the
barotropic transport, using an approach similar to the ba-
roclinic case, but considering that both layers are moving. If we
assume the velocity to be independent of depth, the transport
is then

Dg
Slr(t) = AB(I)7
f
where D is the mean ocean depth between sites a and b, and
AB is the barotropic sea height difference between the sites.
This difference can be written in terms of their mean and
anomaly values as

AB(t) = [B, + Bj(1)] — [B, + Bi(1)].

(20)

(21)
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The barotropic transport is then

Dg - Dg _
Su(t):TABJFTAB'U):SINLS{;U), (22)
where AB = B, — B,. The first and second terms in (22) are

the mean and eddy components of the barotropic transport,
respectively.

The barotropic transport in each of the layers can be com-
puted by weighting the total barotropic transport with the
layer’s thickness, as follows:

lah(t) h2ab( t)

Sult) = === S,(t) + —=—S,(t) = S(1) + Sp*(0),

(23)

where the first term and second term are the barotropic trans-
ports in the upper and lower layer, respectively.

In a barotropic ocean, where B’ = 7', the eddy component
of the barotropic transport can be estimated directly from the
altimeter data. On the other hand, the mean barotropic sea
height gradient in (22) cannot be directly measured; neither
can altimetry discern barotropic from baroclinic sea height
anomalies. In the following section and in the appendix we
propose two methods to estimate this quantity, the first based
on the mass or transport balance within two boxes constructed
by six IESs, and the second based on the conservation of
potential vorticity.

We compute the ratio between the eddy components of the

upper-layer transports between sites a and b using expressions
(19), (22) and (23)

SR [

20 (1) ] AB'(t) (24)

Su®) [ 2hE + [ny(0) + mp0)]] An'(6)”

where i, ~ /—zl,a ~ /’—ll’b is the mean upper layer thickness in
the region, El,a »(1) is the instantaneous mean depth between
sites 2 and b, and AB'(¢) and An'(¢) are the barotropic and
baroclinic sea height difference between the sites, respectively.
When the term [n,(¢) + m,(¢)] in (24) cancels, and when
hy~h, ap(t), the ratio is

S"P()
Salt)

For an ocean with € = 0.01, identical values of barotropic and
baroclinic sea height differences produce a barotropic trans-
port in the upper layer 100 times larger than the baroclinic
transport. This implies that under these conditions, the eddy
barotropic component is about 100 times more efficient than its
baroclinic counterpart in generating transport of water masses
in the upper layer.

~EAB’(t)
S EAn(0)°

(25)

5. Results
5.1. Reduced Gravity

We express in (9) the observed sea height anomaly, n', as a
sum of a baroclinic (gh) and a barotropic (B') component.
The time series for the thickness of the upper layer, k,(t), is
provided by the IESs, and therefore 4 (¢) can be easily com-
puted. The slope of the curve in (9), the curve being a straight
line, is €, which in turn is also proportional to the reduced
gravity value g'. However, these reduced gravity estimates are
biased when B’ and &', are correlated, a situation often found
in Gulf Stream waters (Z. Hallock, personal communication,
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Figure 8. Upper layer thickness anomaly /', against sea height anomaly 7’ for each of the 10 sites (small
panels) and for the 10 sites together (large panel). The scatter of the points in these plots is related to the
mean barotropicity in the region, B'. The measure of the stratification in the two-layer system, e, is the slope
of the straight line superimposed on top of the data. We show the values of B’ and ¢ at each IES location in

Table 3.

1996). We quantify the temporal mean barotropic contribution
at each location, B’, from the estimate of B'(¢) in the linear
regression of n' against 4 in (9).

Figure 8 shows the plots for 4 as a function of n’, with their
regression lines for each of the 10 sites (small panels) and for
all the sites together (large panel). We show in Table 3 the
corresponding values of ¢, ¢’, and the temporal mean baro-
tropic contribution of B', B’. The IES sites with higher FD
and low rms sea height variability values (sites 1, 8, and 9) are
associated with lower values of &, and consequently lower val-
ues of ¢’, or density contrast between the two layers. We also
include in Table 3 the values of the mean baroclinic compo-
nent of the sea height; this is e, in (8). The lowest values of
this parameter correspond to the IES sites 1, 2, 3, 8, and 9,
which are locations with high FD values. In general, the mean
baroclinic sea level increases in the east direction toward the
center of the subtropical gyre, from 0.10 m (site 1) to 0.50 m
(site 4). This result is consistent with the fact that the BC is
highly baroclinic and has a higher sea level than the rest of the
region. The reduced gravity values g’ range approximately
from 0.006 to 0.011 m s~ 2 (Table 2), satisfying the relationship

that the values are higher at lower latitudes. Typical values
previously obtained from regressions of dynamic height and
isotherm depths from Levitus [1982] data are 0.013 m s~ 2.

As we mention in section 3.3, we notice that changes in 1’
due to frontal movements are approximately twice as large as
those due to the passage of an eddy. However, changes in 4
due to the passage of a front are from 2 to 4 times larger than
those due to the passage of an eddy. According to (9), the
values of B’ should then be smaller for processes associated
with the passage of the BC front than for an eddy. This implies
that the eddies and rings in the Brazil-Malvinas Confluence
maintain robust barotropic components as suggested in iso-
lated eddy simulations by Chassignet et al. [1990].

5.2. Thickness of the Upper Layer and Transport
Estimation From Geosat Altimeter Data

In section 4.2 we present the expressions for the time series
of the baroclinic (equation (18)) and barotropic (equation
(22)) transports, by combining IES and altimeter data. We now
apply these results to explore the use of Geosat altimeter data
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Table 3. Values of &, g', and B’ for Each for the 10 IES
Sites and for the 10 Sites Together as Obtained From a
Linear Regression Between /1) and 7' (9)

1ES site, . _

i g; g, ms? B’ ghy,;, m
1 0.0007 0.0069 -0.0048 0.09
2 0.0009 0.0088 0.0317 0.29
3 0.0005 0.0049 - 0219 0.26
4 0,0011 0.0108 =0. 10_06 0.50
5 0,0011 0.0108 '—0.095 1 0.49
6 0.0010 0.0098 0.0418 0.55
7 0.0007 0.0069 0.0614 0.47
8 0.0007 0.0069 *0:0009 0.32
9 0.0006 0.0059 -0.0276 0.18
10 0.0008 0. 0078 0.0164 0.49
0.0008 0 0078 L 0. 0090 0.35

Al

Parameters are deﬁned m text. The last column shows the mean
baroclinic sea height estimates; &7, e

alone to provide a longer time series of upper layer thickness
and transports.

The thick line in Figure 9a shows the time series for the
uppet layer thickness variation between sites 1 and 3, as pro-
vided directly by the IES data. The thin line shows the time
series of the same parameter but with the upper layer thickness
variation computed using (16) for the entire Geosat ERM
period. For these computations we use the mean upper layer
thickness values obtained from the IES data (Table 2), and
estimate &, and &5 from (9) (Table 3), as we explain in section
5.1. The estimates of the upper layer thickness variations using
(16) reproduce the upper layer thickness variations measured
by the IESs fairly well, with correlation coefficients better than
0.70. The remaining issue now is to dssess the ability of (18) to
detect the major changes in baroclinic transport values, using
the upper layer thicknesses variations computed with (16).

Once we compute the upper layer thickness change between
a pair of sites using the values provided either by the IESs or

4
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by (16), we can estimate the baroclinic transport. The thick line
in Figure 9b shows the time series of the baroclinic transport
between sites 1 and 3, computed using (15) with the actual
upper layer thicknesses provided by the IESs. The thin line
shows the baroclinic transport between the same sites esti-
mated using (18) and the upper layer thickness estimations
(equation (16)).

We now present the results for the estimates of the mean
baroclinic transport between selected IES sites for the Geosat
ERM time period. We construct two boxes, a lower box con-
structed with the site pairs 1 and 3, 3 and 10, 9 and 10, and 9
and 1, and an upper box with the sites 9 and 10, 10 and 7, 8 and
7, and 7 and 9 (Figure 10). For every pair of sites in these two
boxes we compute the mean baroclinic transport using (18).
The thick arrows in Figure 10 show the mean baroclinic trans-
ports, which range from 7 Sv to 12 Sv toward the south and
from 2 to 6 Sv toward the east. These transports are around
half of those obtained by Garzoli [1993], who reported values
of 24 Sv toward the south at 35.2° and 36.5°S and 20 Sv in the
same direction between 37.7° and 38°S. Garzoli [1993] com-
putes these values under the assumption that the velocity de-
creases linearly with depth to 1000 m, and uses dynamic
heights referenced to 1000 m. On the other hand, the upper
layer in our work never exceeds 700 m and includes a baro-
tropic component with a deep pressure gradient.

To compute the barotropic transports in the upper layer,
SoP, we first estimate the mean barotropic sea height change,
which is the term AB in (22). The mean barotropic sea height
difference and flow between two sites can be estimated by
applying conservation of mass or conservation of potential
vorticity. Both methods provide good estimates of the mean
barotropic sea height variations. However, in this section we
use the conservation of mass to simultaneously estimate the
mean barotropic sea height change and the mean barotropic
transport in the area. We present in the appendix a method to
estimate the mean barotropic sea height variation by using the
conservation of potential vorticity method.
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Figure 9. (a) Time series for the upper-layer thickness change between sites 3 and 1. The thick line
corresponds to the upper layer thickness obtained from the IESs estimates during the IES study period. The
thin line corresponds to the upper layer thickness change computed using (17) during Geosat ERM time
period. (b) Time series for the baroclinic transport between sites 3 and 1. The thick line corresponds to the
transport values comptited using (15) with the values of the upper layer thickness obtained from the IESs. The
thin line corresponds to the transport values computed using (18) for the Geosat ERM time period. For these
estimations we obtain the mean upper layer thicknesses from the TESs time series (Table 2), while we compute

the values of &, and &5 using (9) (Table 3).
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To compute the mass balance in the upper and lower boxes,
we first calculate the total barotropic eddy transport, S+, di-
rectly from the SHA data. We then estimate the mean baro-
tropic sea height difference between the sides of the boxes. We
compute the different mean barotropic transports between the
pair of sites that form the boxes, by varying the mean baro-
tropic sea height differences from —0.20 m to 0.20 m, with
intervals of 0.01 m. For every pair of sites in each box we first
compute the total (mean + eddy) barotropic transports, and
then calculate the upper layer barotropic transport balance
within each box for every value of mean barotropic sea height
change. We finally select the barotropic mean sea height dif-
ferences that make the barotropic transport balance within
each box approximately equal to zero. For this particular prob-
lem we find five possible solutions that make the upper layer
barotropic transport balance close to zero. These solutions
provide a range of barotropic mean sea height differences
ranging from 0 to 0.15 m, with higher values in the center of the
subtropical gyre, which is consistent with our previous results
on barotropicity and baroclinicity. Figure 11 shows the average
value of the five solutions for each pair of IES sites. The thin
arrows in Figure 10 show the mean upper layer barotropic
transports, computed from the average of the five mean upper
layer barotropic transports obtained from the five solutions of
the mean barotropic sea height difference. The standard devi-
ations for these computations range from 0.5 Sv (between sites
1 and 9; and 9 and 8) to 2 Sv (between sites 7 and 8). The
region between 36°30’S and 38°S appears to correspond to the
confluence of northward mean barotropic flow of 2 Sv and

52°16'W 51°00'W

35°27'S~

53°34'W 51°563'W

Figure 10. Schematic diagram of the baroclinic and baro-
tropic transports in the upper layer for two boxes constructed
from sites 7, 8, 9 and 10 (upper box) and sites 1, 3, 10 and 9
(lower box). The thick arrows indicate the mean baroclinic
transport, in sverdrups, across each pair of sites during the
study period. The thin arrows show the mean barotropic trans-
port, in sverdrups, in the upper layer. The values for the upper
layer thickness at each site i, &, ;, are included in Table 2.

16,285

0.12

1 3

Figure 11. Mean barotropic sea height variations, in meters,
computed for each pair of sites of the upper and lower boxes
using a conservation of mass method. The bold numbers indi-
cate the IES site, and the reference level is set at site 3.

southward mean barotropic flow of 2 Sv. Our results show that
the upper layer barotropic transport is negligible in the east-
west direction along 53°W and that it is between 2 and 4 Sv
along 51°W.

We now compute the time series of the variations of SHA
and upper layer thickness, and upper layer transports between
sites 1 and 3. The thick line in Figure 12a shows the time series
for the SHA difference between sites 1 and 3 as obtained from
the Geosat ERM data. The thin line in the same figure corre-
sponds to the time series of the upper layer thickness differ-
ence between these same sites computed using (16). We ob-
serve the association between changes of the upper layer
thickness and SHA differences between sites 1 and 3, in which
an increment in the SHA difference usually corresponds to an
increment in the upper layer thickness variation.

Figure 12b shows the baroclinic (thin line) and upper layer
barotropic (thick line) transports between sites 1 and 3 for the
same period of time, computed using (18) and the first term of
(23), respectively. Positive (negative) values indicate a trans-
port to the north (south). We use a mean barotropic sea height
difference of 0.05 m, which produces a mean upper layer baro-
tropic transport of around 1 Sv to the south. The maximum
values of baroclinic and barotropic transports have periods
ranging from 2 to 6 months. For short periods of time (March
1987, February 1988, August-September 1988, December
1988, and July-August 1989) the SHA and upper layer rate of
change have the same sign. These episodes occur when the
total barotropic transport in the upper layer is to the north.

Peterson and Stramma [1991] present a list of several esti-
mates of transports of the BC from in situ measurements for
different reference depths. Our mean upper layer transport
estimates lie within the values published in the literature. How-
ever, we find a peak value of baroclinic transport of almost 40
Sv in April 1988 between IES sites 1 and 3 (Figure 12b) which
is considerably larger than the published maxmium BC trans-
port values reported for a different period of time in the same
region [Garzoli and Bianchi, 1987; Garzoli and Garrafo, 1989].
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(a) Time series for the sea height anomaly difference (thick line) and upper layer thickness

difference between sites 1 and 3. (b) Time series for the baroclinic (thin line) and upper layer barotropic (thick
line) transports between sites 1 and 3. Positive (negative) values indicate a transport to the north (south). The
peak value of 40 Sv in the baroclinic transport is associated with the southernmost frontal location, around

48°S, found from 1987 until 1989.

From the AVHRR composites we find that the surface thermal
front during that month reaches a latitude of 48°S, farther
south than any other surface thermal front detected between
1984 and 1989 (Figure 3). We believe that the availability of a
method to monitor the transports in the confluence region
supplements previous studies on the BC frontal oscillations in
the area, which are already linked to the wind forcing [Garzoli
and Simionato, 1990; Smith et al., 1994].

6. Summary and Conclusions

We combine data collected from 10 IESs and from the
Geosat altimeter to investigate the dynamics of the upper layer
in an area of the SW Atlantic Ocean off the Argentine coast.
We also use AVHRR-derived SST composites for the area to
identify surface frontal movements and mesoscale features.
From IES data we find that the largest upper layer thicknesses,
of around 700 m, are found at site 3 for the months of January
and March and at site 7 for the month of June, which corre-
spond to locations crossed by the jet of the Brazil Current. The
mean upper layer thickness is largest, over 600 m, at the IES
sites located closer to the jet of the Brazil Current. The fre-
quency histograms of the upper layer thickness display Gauss-
ian and non-Gaussian distributions due to the presence of the
Brazil Current, the Malvinas Current, and warm and cold ed-
dies. From altimeter data we find that the largest sea height
variations, of around 0.50 m, are caused by the passage of the
Brazil Current front.

We use a two-layer model to describe the dynamics of the
region and to decompose the sea height and transport into
their baroclinic and barotropic components. We also use the
upper layer thickness anomaly and SHA data to estimate the
reduced gravity values at each IES site. We estimate the mean
reduced gravity value for the region is about 0.0078 m's . We
propose a method to monitor the thickness of the upper layer
and the baroclinic and barotropic transports using altimetry
data. We compute the time series for the upper layer thickness
difference and transport between the IES sites 1 and 3 during
the Geosat ERM time period. Our results indicate that the
estimates of the thickness of the upper layer fit fairly well the
[ES-based observations, with a correlation coefficient of 0.70.

Our computations also show that the mean baroclinic trans-
port of the Brazil Current decreases going south, from 12 Sv at
35°30°S to 10 Sv at 36°30°S to 7 Sv at 37°47’S. Figure 10 suggests
that there is a recirculation of the mean baroclinic transport of
around 5 Sv between 36°30’S and 37°47’S.

We propose two methods to estimate the mean barotropic
sea height change, one using the balance of mass and another
using the conservation of potential vorticity. The first method
shows that the mean barotropic sea height change in the region
ranges from 0.04 to 0.12 m. However, the conservation of
potential vorticity method, presented in the appendix, gives a
larger value, of around 0.90 m, which is actually a mean value
of the barotropic sea height change in the region and does not
refer to any specific direction. Our estimates of the upper layer
mean barotropic transport indicate that this transport de-
creases from 4 Sv to 2 Sv between 35°30°S and 36°30’S. We also
obtain a mean upper layer barotropic transport of 2 Sv to the
north at 37°47’S.

The global coverage provided by Geosat and other altime-
ters, with the assistance of additional remote sensors such as
IESs, offers useful tools to study the dynamics of the upper
layer in regions of the ocean with marked contrast in stratifi-
cation. Our study complements previous works on this subject
[Kelly, 1991; Qiu, 1992] that use synthetic along-track mean sea
heights to compute the transport from altimeter data. Our
analysis is especially helpful in the Brazil-Malvinas Confluence
area, where it is extremely difficult to derive synthetic profiles
given the complexity of the dynamics in the region. Finally, the
availability of a method to monitor the transport of the BC can
supplement studies of the frontal oscillations, which have pre-
viously been linked to wind forcing.

Appendix: Conservation of Potential Vorticity

The potential vorticity, in the absence of wind stress or other
frictional effects, is a conserved quantity [Pond and Pickard,
1983]. Therefore its material or total derivative equals zero in
any chosen Eulerian “control volume,” making the conserva-
tion of potential vorticity a useful tool for describing the dy-
namics of a current in a particular region. In a shallow water
system, we define the potential vorticity IT as
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iYs

= (A1)

where f is the planetary vorticity or Coriolis parameter, ¢ is the
relative vorticity, and D is the depth of the water column.

If we express the velocities of the upper and lower layers in
terms of f and isotherm depth, the conservation of potential
vorticity is [Pedlosky, 1987; Olson, 1991]

H={)—(1+a),

(A2)
where a = {/f. In an open ocean the planetary vorticity is
much larger than relative vorticity, so « (in fact, the Rossby
number) << 1. We can then re-express the conservation of
vorticity by defining

I, =f/D, (A3)

with material derivative:

dllydt = O(a). (A4)

Using the material derivative operator relative to velocity,
d/dt = 9/3t + V-V, and disregarding O(«a), (A3) becomes
dil, oIl

—— + V- VII,

ar T e (AS)

with the velocity V being the contributions from the upper and
lower layers:
V=V, +V, (A6)

For the simplest case in which V, = 0, so that V = V,; we
expand (A4), and with 9f/9¢t = 0 and 9f/dx = 0 we have

dlly  f oh, g’ oh,
T kot Tipax P (A7)
or
dall, 2Q sin ¢ dh, 9’ | doh,
Gt T R ot TR tang ax: (A8

where B = df/dy = 1/Rgdf/d¢, is the variation of the Co-
riolis parameter with latitude, R is the radius of the Earth, Q)
is the angular velocity of rotation of the Earth, and x and y are
the horizontal coordinates for a Cartesian system. Therefore
for the case of a lower layer with zero velocity, i.e., V, = 0, the
potential vorticity is a function of latitude, isotherm depth and
time.

When V, # 0, the velocity in the lower layer contributes to
the total velocity, and (A4) becomes (disregarding the O(«)
term)

dlL,_&H0 g' oh, 3H0+ oll, A9
At ot T ax BT, Ty, (A9)
or
dlly  f ohy g’ oh, B f oh
a “wan T ax PR ey
f oh
_”2<;T§E€1 i (A10)

where v, and u, are the north-south and east-west compo-
nents of V,, respectively. Combining with (13) yields
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ait,  f ahl+ 9’ oh, N 9' 9B g' OB dh,
dt — h? ot ' fh, ox fhy ax h?ox ay

g' dB dh, Al

W3y ox (A11)

where B(x) is the barotropic sea height component.
Alternatively, if we define
[ ohy g’ ah,
G(x,y, ’)z'EW’L%WB’ (A12)

then (13), (A3), and (A9) lead to a partial differential equation
of the form

dB E)Ho

aB oIl
- = gi G(x,y, 1),

(A13)
which is readily solvable given a continuous and differentiable
I1, field, allowing us to estimate a mean value for B, which is
B in (8).

We make use of (A13) to estimate the barotropic sea height
change B'. We use a two-dimensional spline program to re-
solve the data onto a 20-by-20 grid for time intervals of 5 days,
to match the times in the n’ and 2 time series. We use a value
of 0.0078 m s~ for the reduced gravity, obtained from & as
derived in section 5.1. We use the assumption that for a given
IES site, B = 0, to give B = B’, as well as their gradients. We
compute 7 from (8) under the equivalent barotropic assump-
tion, i.e., that B = B = 0. We calculate the spatial gradients
using a two-dimensional splice algorithm. The barotropic sur-
face height B can then be readily computed using the values of
mand h,.

We compute the velocity of the upper and lower layers, 7/,
and V,, using (13) and we find them to be of the order of
0.10 m s™". For this region, Gordon [1989] reports a maximum
poleward geostrophic velocity of 0.61 m s ™' relative to 1000 dbar.
A steady state condition becomes apparent when G(x, y, t) is
smoothed to a 30-day interval. We find the function G(x, y, t)
to be of the order of 107" m~! s™! at the IES measurement
sites. The derivatives of B, dB/dx, and dB/dy are of the order
of 107" m m™', and the derivatives of II, are on the order of
107" m~" s~'. Thus we find that after we subtract the Jaco-
bian of II, and B from G(x, y, t) in (A13), the result is
negligibly smaller than G(x, y, t).

Because G(«x, y, t) achieves a nearly steady, but nonzero,
state on a 30-day timescale, it is probable that the equivalent
barotropic assumption is inappropriate for this model; there
should be a nonzero mean barotropic component that varies as
a function of latitude and longitude. In particular, that the area
of least steadiness occurred at sites 1, 2, and 9, the southwest-
ern corner of the array, is not surprising because this region,
greatly influenced by the MC front, is subject to greater mixing
and other frictional effects than other regions in the array.

From (A13) an estimate of the mean barotropic component
of the sea height, B, to order of magnitude is

roln)
B~=G|=|L

g I1,
We use the aforementioned values and f ~ 7.107° rad s},
My~ 10"°m ™ 's™ ! and L = 10° m to obtain B ~ 0.89 m.
This analysis allows us to estimate the barotropic sea height

change in the area covered by the IESs. However, the value of
0.89 m is only a rough estimate for the entire area and does not

(A14)
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refer to any specific direction. For practical purposes we as-
sume that the mean barotropic sea height change is in the E-W
direction, with higher values of B in the west. We can use this
value of B in (22) to compute the mean barotropic transport
between IES sites. We present this method as an alternate to
the conservation of mass method used in section 5.2, due to the
simplicity in estimating B.
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